Introduction N onalcoholic fatty liver disease (NAFLD) is among the most common causes of chronic liver disease worldwide and is a growing medical problem in industrialized countries.
(1) A wide spectrum of hepatic histologic changes occurs in patients with NAFLD. These changes range from the generally nonprogressive nonalcoholic fatty liver (NAFL) to nonalcoholic steatohepatitis (NASH). During the clinical progression of NAFLD, assessment of liver fibrosis degree is important to predict further progression and to make therapeutic management decisions. (2, 3) Hepatocellular carcinoma (HCC)
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incidence increases with the progression of liver fibrosis in chronic hepatitis type C (CHC) patients. (4) (5) (6) In contrast with viral hepatitis, patients with NAFLD can progress to HCC during the early stages of liver fibrosis. (7) (8) (9) (10) Therefore, diagnosis of NASH during the early stages is important during clinical follow-up of the patient. Liver biopsy remains the gold standard for liver fibrosis assessment. (11, 12) However, liver biopsy has significant limitations, including pain, risk of severe complications, sampling error, (13) cost, (14) and patient unwillingness to undergo invasive testing. Recently, Angulo et al. (15) reported that liver fibrosis is independently associated with long-term outcome in patients with NAFLD. Therefore, there is an urgent need for a reliable and noninvasive test that can be used to accurately assess the degree of liver fibrosis.
Novel noninvasive approaches, e.g., transient elastography (FibroScan, acoustic radiation force impulse, and magnetic resonance elastography), and various scoring systems can be used to measure the severity of fibrosis in patients with chronic liver disease. (16) (17) (18) (19) (20) (21) However, transient elastography has reduced interobserver agreement in patients with early stage fibrosis, moderate to severe steatosis, or increased body mass index (BMI). Distinguishing early liver fibrosis (F1-F2) from the nonfibrotic liver is difficult when transient elastography is used. Various scoring systems for measurement of liver fibrosis severity are available as noninvasive methods, (19) (20) (21) (22) (23) (24) (25) but few individual biomarkers have clinical validity.
Recently, we found that serum Mac-2 binding protein (Mac-2bp) levels can be used to predict histologic severity of hepatic fibrosis in patients with NAFLD. (26, 27) Mac-2bp is a glycoprotein with seven potential N-glycosylation sites. (28, 29) Serum Mac-2bp concentrations increase in patients with pancreatic, breast, and lung cancers, viral hepatitis, and autoimmune disease. (28) Mac-2bp is almost undetectable in normal liver but is easily detected in hepatocytes from CHC patients as liver fibrosis progresses. (30) Cheung et al. (31) used proteome analysis and found that serum Mac-2bp is a potential marker of fibrosis progression in CHC patients. Wisteria floribunda agglutinin (WFA)-positive Mac-2bp (WFA 1 -M2BP) is a novel serum fibrosis biomarker for CHC. (32) This biomarker can distinguish the glycan structure of WFAdetectable Mac-2bp. It was developed using a glycanbased immunoassay for the assessment of liver fibrosis severity in CHC patients.
(32) WFA
1
-M2BP can also be used for the assessment of liver fibrosis stage in patients with NAFLD. (33) Taken together, these findings indicate that serum Mac-2bp and WFA 1 -M2BP levels are useful liver fibrosis biomarkers. However, the validity of the use of these two biomarkers for NASH diagnosis and fibrosis stage prediction in patients with NAFLD is not fully understood.
The objective of this study was to examine the efficacy of Mac-2bp and WFA 1 -M2BP for the assessment of NAFLD. We investigated these biomarkers in patients with biopsy-proven NAFLD (n 5 510) and subjects who received a health check-up (n 5 2,122).
Materials and Methods

ETHICAL COMMITTEE APPROVAL
The research and informed consent protocols were approved for use in a multicenter study by the institutional review boards at Osaka University Hospital, Kochi Medical School Hospital, Hiroshima University Hospital, Osaka City University Hospital, Nara City Hospital, and aMs New Otani Clinic. Written informed consent was obtained from each subject at the time of liver biopsy or at the time of enrollment at each institute. The study was conducted in accordance with the Helsinki Declaration.
PATIENTS WITH BIOPSY-PROVEN NAFLD
From 2002 to 2013, 510 patients (200 with NAFL and 310 with NASH) with biopsy-confirmed NAFLD who were treated at one of five hepatology centers in Japan (Osaka University Hospital, Kochi Medical School Hospital, Hiroshima University Hospital, Osaka City University Hospital, and Nara City Hospital) were enrolled in the study.
Each patient with biopsy-proven NAFLD had received a percutaneous liver needle biopsy. The liver samples were embedded in paraffin blocks following standard procedures and were stained with hematoxylin and eosin and Masson's trichrome stains. All biopsy specimens were centrally evaluated by two hepatic pathologists (Y.K. and H.F.) who were blinded to the clinical data. An adequate liver sample was defined as >1.5 cm in length or containing more than six portal tracts or both. Matteoni's classification was used to confirm the presence of NASH. (34) Patients with NAFLD with ballooning hepatocytes (Matteoni type 3) and patients with NAFLD with liver fibrosis (Matteoni type 4) were assigned to the NASH cohort. Patients whose liver biopsy analysis revealed simple steatosis or steatosis with nonspecific inflammation were assigned to the NAFL cohort. NAFLD activity scoring (NAS) was used to assess and quantify each sample. (35) The stages of steatosis (0-3), lobular inflammation (0-2), and hepatocellular ballooning (0-2) were quantified. Individual fibrosis parameters were scored independently using the NASH Clinical Research Network scoring system. (35) Advanced fibrosis was classified as a stage 2-4 (F2-F4) disease. The exclusion criteria included a history of other hepatic disease, a substance abuse-induced hepatic disorder, and a history of alcohol abuse (>20 g of alcohol daily). In this study, we could measure both Mac-2bp and WFA 
Mac-2bp IMMUNOSTAINING
Normal liver tissue was obtained from the livers of patients with hepatic colorectal carcinoma metastasis who had surgery at Osaka University Hospital. The liver biopsy specimens from the patients with NAFLD and the normal liver tissues were prepared using the immunohistochemical (IHC) staining VECTAS-TAIN ABC kit (Funakoshi, Co., Ltd. Tokyo, Japan). Mouse anti-human Mac-2bp antibody (1:200; ab67353; Abcam, Cambridge, MA) was used for immunodetection. We classified the IHC liver histology into three classes according to IHC intensity (negative/weak/strong; 0/1/2) (Supporting Figs. S1 and S2).
SUBJECTS IN MEDICAL HEALTH CHECK-UPS
A total of 2,122 (1,495 male; 627 female) of the 2,215 Japanese adult subjects (1,538 male; 677 female) who underwent a health check-up at the aMs New Otani Clinic (Osaka, Japan) between 2008 to 2011 were initially recruited into the study. The exclusion criteria included a history of hepatic disease, such as CHC or concurrent active hepatitis B (seropositive for hepatitis B surface antigen), autoimmune hepatitis, primary biliary cirrhosis, sclerosing cholangitis, hemochromatosis, a1-antitrypsin deficiency, Wilson's disease, hepatic injury caused by substance abuse, or a current or previous history of daily consumption of >20 g alcohol. The diagnosis of fatty liver was based on the results of an abdominal ultrasound examination performed by trained technicians after exclusion of other etiologies of steatogenic liver disease. A fatty liver was defined as a liver parenchyma with an echogenicity greater than that of the kidney cortex, the presence of vascular blurring, and deep attenuation of the ultrasound signal. (36, 37) Among the 2,122 subjects, 1,291 (1,022 male, 269 female) were diagnosed as having a fatty liver and 831 (473 male, 358 female) were diagnosed as not having a fatty liver, using abdominal ultrasound. Blood serum was collected from each subject during the health check-up and was kept frozen at -808C until analysis.
ANTHROPOMETRIC AND LABORATORY EVALUATION
Anthropometric variables (height and weight) were measured while each subject was in the standing position. BMI was calculated as weight (kg) divided by the square of height in meters (m , ferritin, hyaluronic acid, and platelet count) were measured using a conventional automated blood analyzer. The fibrosis-4 (FIB4) index (based on the age, serum AST and ALT levels, and platelet counts) was calculated for each of the subjects as reported
. (24, 38) The NAFLD fibrosis score (NFS) was calculated for each of the subjects as reported (-1. Mac-2bp AND WFA
-M2BP MEASUREMENT
We used an enzyme-linked immunosorbent assay kit (code #27362; Immuno-Biological Laboratory Co., Ltd., Fujioka, Japan) to measure serum Mac-2bp. (26) WFA 1 -M2BP quantification was based on a lectinantibody sandwich immunoassay performed using a fully automatic immunoanalyzer (HISCL-2000i; Sysmex Co., Hyogo, Japan). (32) The measured values of WFA 
STATISTICAL ANALYSIS
Statistical analysis was performed using JMP Pro 12.0 software (SAS Institute Inc., Cary, NC). Results were expressed as mean 6 SD values. Statistical analysis included descriptive statistics, analysis of variance, the Wilcoxon and Kruskal-Wallis tests, the Pearson test, and Spearman R correlation analysis. The diagnostic performance of each marker was assessed using receiver operating characteristic (ROC) curves. The probabilities of true positive (sensitivity) and true negative (specificity) results were determined for selected cutoff values, and the area under the ROC curve (AUROC) was calculated for each index. The Youden index was used to identify the optimal cutoff points. Multivariate logistic regression analyses were performed to identify parameters that significantly contributed to the estimation of liver fibrosis severity. Differences were considered to be statistically significant at P < 0.05.
Results
CHARACTERISTICS OF THE SUBJECTS
The results for the clinical and biochemical characteristics of the individuals included in the study population (i.e., patients with biopsy-proven NAFLD [NAFLD cohort], subjects with health check-ups [check-up cohort]) are presented in Table 1 . In the NAFLD cohort, the ratio of males was increased in the NASH patient group compared with the NAFL patient group. In the check-up cohort, the ratio of males was greater in the fatty liver subject group [FL(1)] compared with the group of subjects without fatty liver [FL(-)]. Age and BMI were greater in the patients with NASH and in the FL(1) subjects in the NAFLD cohort and check-up cohort, respectively. In the NAFLD cohort, the serum levels of AST, ALT, ALP, IRI, and ferritin were also higher in the patients with NASH compared with the patients with NAFL. The values of the FIB4 index and NFS also increased in patients with NASH. The values for Alb and platelet count were lower in the patients with NASH. In the check-up cohort, the serum levels of AST, ALT, c-glutamyltransferase, ALP, choline esterase, total cholesterol, triglyceride, FBS, and Alb were higher in the FL(1) subjects than in the FL(-) subjects. The NFS was higher but the FIB4 index was lower in the FL(1) subjects than in the FL(-) subjects. Serum high-density lipoprotein cholesterol levels were lower in the FL(1) subjects. In the NAFLD cohort, serum Mac-2bp levels were significantly increased in the patients with NASH compared with the patients with NAFL (Table 1; Fig. 1A ). In the check-up cohort, both serum Mac-2bp and WFA 1 -M2BP levels were higher in the FL(1) subjects.
Mac-2bp IS A USEFUL BIOMARKER FOR NASH DIAGNOSIS AND LIVER FIBROSIS PREDICTION
Next, we used ROC analysis to evaluate the utility of Mac-2bp as a NASH diagnosis biomarker (510 patients with NAFLD; Fig. 1B ). When the cutoff value was 1.80 lg/mL, the values for the AUROC and for sensitivity and specificity for Mac-2bp for NASH diagnosis were 0.816, 70.0%, and 81.5%, respectively. In contrast, the values for the AUROC and for sensitivity and specificity were 0.733, 58.6%, and 91.4% (FIB4 index) and 0.654, 50.9%, and 74.9% (NFS), respectively. Mac-2bp was superior to these scoring systems for NASH diagnosis, although the FIB4 index showed high specificity.
Our previous study revealed that Mac-2bp is a useful biomarker for the prediction of liver fibrosis severity in patients with NAFLD. (26) In the present study, we measured serum Mac-2bp levels in the NAFLD and check-up cohorts. In patients with biopsy-proven NAFLD, serum Mac-2bp levels increased stepwise as the liver fibrosis stage increased (F0/F1/F2/F3/F4, 1.55 6 0.91, 2.05 6 0.88, 2.89 6 1.59, 3.34 6 1.72, 3.96 6 1.28 lg/mL, respectively) (Fig. 1C) . In the check-up cohort, the mean serum Mac-2bp value was higher in the FL(1) group than in the FL(-) group (1.81 6 1.09, 1.11 6 0.69 lg/mL, respectively). The serum Mac-2bp levels of the FL(1) group subjects were between the levels of F0 and F1 in the patients with biopsy-proven NAFLD. Using ROC analysis, we 
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set Mac-2bp cutoff values to predict each fibrosis stage in patients with biopsy-proven NAFLD (Supporting Table S1 ). The cutoff values were 1.80 lg/mL (stage 1), 2.21 lg/mL (stage 2), and 2.24 lg/mL (stage 3). In 1,291 FL(1) subjects, the serum Mac-2bp levels were >1.80 lg/mL in 498 subjects (38.6%) and >2.24 lg/mL in 318 subjects (24.6%).
SERUM Mac-2bp LEVELS AND WFA 1 -M2BP LEVELS WERE WELL CORRELATED IN THE HEALTH CHECK-UP GROUP
We measured serum levels of Mac-2bp and WFA 1 -M2BP in 1,830 subjects receiving health check-ups (1,337 male subjects, 493 female subjects). The results indicated that serum Mac-2bp and WFA 1 -M2BP levels were well correlated (R 5 0.44, P < 0.0001) (Fig. 2) .
SERUM Mac-2bp LEVELS AND WFA 1 -M2BP LEVELS WERE EQUALLY USEFUL BIOMARKERS FOR NASH DIAGNOSIS
We measured both Mac-2bp and WFA Table 2 . Age, AST, ALT, ALP, IRI, and ferritin levels were significantly higher and FBS, Alb, and platelet count were significantly lower in the patients with NASH. The ratio of female to male patients was significantly higher in the NASH patient group. Serum Mac-2bp and WFA 1 -M2BP levels were significantly higher in the patients with NASH compared with the patients with NAFL.
We compared the significance of NASH diagnostic ability between Mac-2bp and WFA 
and WFA
1 -M2BP were well correlated (Fig. 3A) . The ROC analysis revealed that the utility of Mac-2bp and WFA 1 -M2BP as NASH biomarkers was similar for each marker (Fig. 3B) .
COMPARISON OF Mac-2bp AND WFA 1 -M2BP AS LIVER FIBROSIS PREDICTION BIOMARKERS
The serum Mac-2bp and WFA 1 -M2BP levels increased as liver fibrosis severity increased (116 patients with NAFLD; Fig. 4A,B) . Serum Mac-2bp levels were significantly increased between F0 and F1 and between F1 and F2. We used ROC analysis to compare the utility of these two biomarkers for the assessment of advanced liver fibrosis (F2) in patients with NAFLD (Fig. 4C) . The AUROC for Mac-2bp was greater than that of WFA 1 -M2BP (0.809 versus 0.758, respectively). Logistic regression analysis revealed that Mac-2bp was an independent determinant for the prediction of advanced liver fibrosis, even after adjustment for WFA Supporting Fig. S3 ). In contrast, the values for the AUROC for the assessment of advanced liver fibrosis (F2) in patients with NAFLD were 0.791 (FIB4 index) and 0.719 (NFS). Mac-2bp was superior to these scoring systems for the prediction of advanced liver fibrosis in NAFLD.
Mac-2bp PROTEIN IS STRONGLY EXPRESSED IN NAFLD PATIENT HEPATOCYTES
We used IHC analysis of Mac-2bp to determine the kinds of cells that were the source of Mac-2bp protein production in livers of patients with NAFLD (Fig. 5) . The Mac-2bp protein was barely expressed in normal liver; strong cytoplasmic staining was apparent in the hepatocytes from patients with NAFLD. Hepatocytes of patients with NAFLD had whole cytoplasmic staining or peripheral nuclear lesion staining of Mac-2bp. Surprisingly, there were significant negative correlations between serum Mac-2bp levels and degree of hepatic Mac-2bp staining (Supporting Fig. S2 ).
Discussion
We investigated serum Mac-2bp and WFA 1 -M2BP in a large sample size of NAFLD subjects. Serum Mac-2bp levels increased in a stepwise pattern in patients with biopsy-proven NAFLD. The diagnostic ability for NASH was not different between Abbreviations: CHE, choline esterase; GGT, gamma glutamyltranspeptidase; HDL-C, high-density lipoprotein cholesterol; N.D., not determined; N.S., not significant; T-Chol, total cholesterol; TG, triglyceride.
FIG. 2. Serum Mac-2bp and WFA
1
-M2BP levels were well correlated in subjects with health check-ups.
KAMADA ET AL. HEPATOLOGY COMMUNICATIONS, October 2017
Mac-2bp and WFA 1 -M2BP; however, the utility of Mac-2bp for the prediction of advanced liver fibrosis was slightly superior to that of WFA 1 -M2BP. IHC staining of Mac-2bp revealed that hepatocytes strongly expressed Mac-2bp in the livers of some patients with NAFLD; Mac-2bp was barely expressed in the non-NAFLD patients' livers. Our results indicated that hepatocytes were a main source of circulating Mac-2bp in the patients with NAFLD; however, our study demonstrated that serum Mac-2bp levels negatively correlated with the degree of Mac-2bp staining in liver. Not only production but also secretion of Mac-2bp should be involved in these phenomena. Kuno et al. (32) studied a group of 125 CHC patients and found that serum Mac-2bp levels are greater and that WFA has the best correlation with liver fibrosis progression in these patients. They developed an automatic measurement system that can detect WFA -M2BP is very useful as a liver fibrosis biomarker for CHC, but the liver fibrosis prediction abilities for the other chronic liver diseases are relatively lower than that for CHC. (32, 33, (41) (42) (43) Our study revealed that compared with WFA 1 -M2BP, Mac-2bp had greater ability to predict NAFLD fibrosis stage. Mac-2bp is a glycoprotein with seven N-glycosylation sites (29) ; the Mac-2bp measured in this study included whole types of Mac-2bp, including WFA 1 -M2BP.
Investigation of the NAFLD-specific glycan modification of Mac-2bp is necessary to find more useful NAFLD glycol-biomarkers. Bekki et al. (44) found that hepatic stellate cells (HSCs) produce WFA 1 -M2BP. WFA 1 -M2BP produced from HSCs stimulate Mac-2 (galectin 3) production from Kupffer cells and accelerate further HSC activation, which results in liver fibrosis progression. In our study, the hepatocytes in the patients with NAFLD mainly produced Mac-2bp. Secreted glycoproteins have different types of glycosylation patterns due to the different origins of cell types and stimuli. (45, 46) The differences in the Mac-2bp-producing cells or in the type of stimulation or both should account for the variant glycosylation patterns of Mac2bp. With comprehensive analysis of glycosylation patterns on Mac-2bp, we would like to establish, in a future study, novel NAFLD biomarkers that can predict the severity of the NAFLD clinical course more precisely.
We found that Mac-2bp was superior to WFA 1 -M2BP for the prediction of NAFLD fibrosis stage, especially for early stage fibrosis. More than 90% of virus-associated hepatitis patients with liver cirrhosis will develop HCC. (7) In contrast, more than 50% of male patients with NAFLD with NAFLD-associated HCC do not have liver cirrhosis. (7) (8) (9) Therefore, it is Abbreviations: CI, confidence interval; N.S., not significant.
important to diagnosis NAFLD at an early stage. These findings indicated that compared with WFA 1 -M2BP, Mac-2bp would be superior as a NAFLD biomarker for prediction of the extent of early liver fibrosis. In the subjects who received health check-ups, the serum Mac-2bp levels of the FL(1) subjects were between the levels of F0 and F1 found in the patients with biopsy-proven NAFLD (Fig. 1C) . We set the fibrosis-predicting cutoff value as 1.80 (F1), 2.21 (F2), and 2.24 lg/mL (F3) for the group of 510 patients with biopsy-proven NAFLD. Serum Mac-2bp levels were >1.80 lg/mL in 38.6% and >2.24 lg/mL in 24.6% of the FL(1) subjects. These findings indicated that approximately 25% of the NAFLD subjects would have severe advanced fibrosis (F3).
Recent studies demonstrated that there is a significant association between the patatin-like phospholipase domain containing 3 (PNPLA3) genotype and fibrosis progression in patients with NAFLD. (47, 48) Although we did not analyze the PNPLA3 genotype in our study subjects, the information about the PNPLA3 genotype should be useful for the clinical follow-up of patients with NAFLD.
Our previous study revealed that serum Mac-2bp levels are higher in patients with NAFL compared with healthy volunteers. (26) Serum Mac-2bp was increased in a mouse simple fatty liver model and was further elevated in mouse NASH models by use of our enzymelinked immunosorbent assay system. (49) However, in human patients with NAFLD, serum Mac-2bp levels do not change with the degree of hepatic steatosis but do increase with hepatic inflammation and liver fibrosis progression. (26, 27) In the present study, serum Mac-2bp levels did not increase with steatosis degree in patients with NAFLD (Supporting Fig. S4 ). Taken together, these results indicate that serum Mac-2bp increases in patients with fatty liver disease regardless of steatosis degree; Mac-2bp is further elevated by inflammation and fibrosis. We found that there was significant negative correlation between serum Mac-2bp levels and hepatic Mac-2bp staining degree in patients with NAFLD (Supporting Figs. S1 and S2). We hypothesized that the mechanism of secretion of Mac-2bp from the hepatocytes would be different in each NAFLD subject and that the balance between secretion and production of Mac-2bp would contribute to the different accumulation patterns that occur in NAFLD hepatocytes. There are many etiologies for NAFLD (e.g., free fatty acids, inflammatory cytokines, and lipopolysaccharide). (50) (51) (52) (53) These factors would have significant effects on the secretion of Mac-2bp from hepatocytes in patients with NAFLD. The molecular mechanism underlying the induction of Mac-2bp during fatty liver changes should be investigated.
In conclusion, both Mac-2bp and WFA 1 -M2BP were useful biomarkers for NASH diagnosis. Mac2bp would be superior to WFA 1 -M2BP for the prediction of liver fibrosis stage in patients with NAFLD. Our study revealed that hepatocytes are the main producer of Mac-2bp in patients with NAFLD. The balance between production and secretion of Mac-2bp contributes to the determination of Mac2bp serum levels. The mechanisms that contribute to serum Mac-2bp levels in patients with NAFLD should be investigated.
